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Abstract
We demonstrate the spatial separation of pyrrole and pyrrole(H2O) clusters from the other atomic and
molecular species in a supersonically-expanded beam of pyrrole and traces of water seeded in high-pressure
helium gas. The experimental results are quantitatively supported by simulations. The obtained pyrrole(H2O)
cluster beam has a purity of ∼100 %. The extracted rotational temperature of pyrrole and pyrrole(H2O)
from the original supersonic expansion is Trot = 0.8 ± 0.2 K, whereas the temperature of the deflected,
pure-pyrrole(H2O) part of the molecular beam corresponds to Trot ≈ 0.4 K.
Keywords: pyrrole, pyrrole(H2O) cluster, Stark effect, cold molecules, electric deflection, species separation
1. Introduction
Studies of solvation effects of biologically relevant
aromatic molecules provide details on the influence
of the molecule’s local environment on its function
and on the nature of molecular interactions, as well
as insights into the functions of complex biologi-
cal systems [1]. Prototypical model chromophores
such as imidazole and pyrrole were used to build
synthetic polyamide ligands for the recognition of
the Watson–Crick base pairs in the DNA minor
groove [2]. Furthermore, pyrrole is a model of tryp-
tophan’s indole chromophore, one of the strongest
near-UV absorbers in proteins. Similarly, pyrrole
is responsible for the photoconversion mechanism
in the phytochrome enzyme [3] and it is a promis-
ing building block for organic dye-sensitized solar
cells [4] as well as biological sensors [5].
A key reason for the intriguing photophysics of the
above-mentioned chromophores is the excited 1piσ∗
state, which is repulsive along the N-H-stretching
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coordinate [6–8]. The photophysics and photochem-
istry of these molecules is fairly sensitive to the
environment [9]. In a bottom-up approach, spec-
troscopic and theoretical investigations were per-
formed for micro-solvated clusters to get fundamen-
tal insights into their photophysical and photochem-
ical properties [7, 10, 11]. Recently performed ex-
periments have provided evidence for ultrafast in-
termolecular relaxation processes in electronically-
excited microsolvated tetrahydrofuran-water [12]
and indole-water [13] clusters. This reflects one
of the proposed efficient mechanisms for radiation
damage processes of biomolecules via auto-ionization
caused by secondary electrons [14]. Time-resolved
experiments, such as photoion and photoelectron
spectroscopy, aiming at the investigation of the pho-
tophysics and photochemistry of pyrrole, were per-
formed to study the dynamics of H elimination from
the N-H site of the molecule mediated by the exci-
tation of the 1piσ∗ state [7, 15–17].
For pyrrole(H2O) clusters theoretical calculations
predict that an electron is transferred across the
hydrogen bond without photodissociation of the
pyrrole moiety [8, 9]. Hence, detailed investiga-
tions of the photophysics of pyrrole(H2O), and
their comparison with the existing observations for
indole(H2O) [7, 11], promises to unravel these funda-
mental processes in the intermolecular interactions
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as well as the radiation damage of biological systems.
Advanced experiments aiming at unraveling these
ultrafast dynamics often rely on pure samples of the
individual species. Such controlled samples were
previously exploited in investigations of the photo-
physics of indole [18] and indole(H2O) clusters [13]
following site-specific soft x-ray ionization and are
even amenable to coherent-x-ray-diffraction stud-
ies [19]. These experiments relied on the spatial
separation of individual species by the electrostatic
deflector [20], which was previously demonstrated
for the separation of indole(H2O) from indole [20–
22].
Here, we demonstrate the spatial separation of
pyrrole, a sub unit of indole and tryptophan, and the
microsolvated pyrrole(H2O) cluster. The structure
of pyrrole and pyrrole(H2O) was studied using mi-
crowave spectroscopy [23, 24] and it was concluded
that the singly-hydrogen-bonded pyrrole(H2O) clus-
ter has a well defined structure, with the water
attached to the N-H site of pyrrole [8, 23].
2. Experimental setup
A schematic representation of the experimental
setup is shown in Figure 1. An Even-Lavie valve [25]
was used to generate a pulsed molecular beam by
supersonic expansion of a few millibar of pyrrole
(Sigma Aldrich, > 98 %) and traces of water seeded
in ∼80 bar of helium into vacuum. The valve was
operated at a repetition rate of 250 Hz and was
heated to 65 ◦C. The expanded molecular beam was
then skimmed twice using conical skimmers (Beam
Dynamics, model 50.8, ∅ = 3.0 mm & model 40.5,
∅ = 1.5 mm), which were placed at distances of
6.5 cm and 30.2 cm downstream the nozzle, respec-
tively. An inhomogeneous electric field created by
the so-called b-type deflector [26] was used to dis-
perse the molecular beam according to the species’
effective-dipole-moment-to-mass ratio [20, 27, 28].
The molecular beam was cut by a vertically ad-
justable knife edge placed 1.5 cm downstream of the
exit of the deflector, which allowed for an improved
separation of all species present in the molecular
beam [22]. The experiments were conducted by plac-
ing the knife edge at a height where it cut off the
undeflected (0 kV applied on deflector electrodes)
molecular beam at the center of the vertical column
density profile. The molecular beam was further
skimmed by a conical skimmer (Beam Dynamics,
model 50.8 with ∅ = 1.5 mm) placed 4 cm down-
stream of the exit of the deflector. The transverse
positions of the valve, skimmers, and the deflector
were adjustable using motorized translation stages.
A laser pulse with a duration of ∼30 fs, a wavelength
centered at 800 nm, focused to ∅ ≈ 50 µm, and di-
rected perpendicular to the molecular beam ionized
molecules in the extraction region of a time-of-flight
mass-spectrometer (TOF-MS) placed 17.6 cm down-
stream of the last skimmer. The peak intensity of
the laser pulse was ∼2 × 1014 W/cm2. The ions
generated due to the strong-field ionization were de-
tected using a micro-channel plate (MCP), operated
in single-shot readout.
3. Results and discussions
Figure 1 a shows the structure, rotational con-
stants [23, 24], permanent dipole moment [23, 24],
and the Stark energies of pyrrole (red curves) and
pyrrole(H2O) (blue curves) for the J = 0, 1 rota-
tional states. The Stark energies were calculated
using CMIstark [29] within the rigid-rotor approx-
imation, as justified by previous experimental and
theoretical work on the indole(H2O) cluster [21, 30].
Pyrrole has a ∼64 % smaller Stark-energy shift than
pyrrole(H2O) for the J = 0 rotational state at an
electric field strength of E ≈ 200 kV/cm. This en-
abled full spatial separation of pyrrole(H2O) from
pyrrole in a cold molecular beam using the electro-
static deflector.
The molecular beam species underwent fragmen-
tation following the strong-field-ionization process.
Hence contributions of ionic fragments from larger
clusters in specific mass gates were observed in our
spectra. A ∼28 % probability of pyrrole(H2O) frag-
menting into pyrrole+ was experimentally obtained
for our specific laser pulse properties. A detailed
description of the fragmentation ratios and utilized
mass gates for the specific ion signals is presented in
the Supplementary Information. The fragmentation-
corrected vertical column density profile for unde-
flected pyrrole is shown as black dots in Figure 2 a.
The undeflected profiles of pyrrole(H2O) and other
species in the TOF-MS spectra had similar shapes
and are not shown. In addition, the fragmentation
corrected deflection profiles of both, pyrrole (red
dots) and pyrrole(H2O) (blue dots), are shown for
voltages of ±7 kV applied across the deflector. All
quantum states are strong-field seeking at the rele-
vant electric field strengths experienced by the inves-
tigated molecules and clusters inside the deflector.
Therefore, all species are deflected downward, in
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Figure 1: Schematic representation of the experimental setup and the definition of the coordinate system. (a) Stark energies
and molecular constants of pyrrole (red) and pyrrole(H2O) (blue).
the negative Y direction [26]. The experimental de-
flection profile of pyrrole(H2O) shows the strongest
deflection, down to Y = −1.8 mm, whereas pyrrole
was only deflected down to Y = −1.2 mm. Signif-
icant deflection of H2O is not expected due to its
small effective dipole moment [31]. Larger cluster
species, e. g., pyrrole(H2O)2 and (pyrrole)2, are also
deflected less then pyrrole and pyrrole(H2O); these
deflection profiles are shown and discussed in the
Supplementary Information.
The solid lines in Figure 2 a are simulated profiles
obtained from the results of Monte-Carlo trajectory
calculations that take into account the geometrical
constraints of the mechanical apertures in the ex-
perimental setup [27]. These simulated deflection
profiles of pyrrole and pyrrole(H2O) matched the
experimental data assuming an initial rotational
temperature of the molecular beam entering the
deflector of Trot = 0.8 ± 0.2 K. In the deflected
part of the beam at Y = −1.6 mm the relative
populations of the rotational states of pyrrole(H2O)
were determined from the simulations. Although
this rotational-state distribution is non-thermal, it
approximately corresponds to a thermal distribu-
tion of 0.4 K, see Supplementary Information. This
indicates that an ensemble of very cold molecules
is generated using the deflector [32, 33] and that
ultracold ensembles, even of isolated well-defined
molecular clusters, can be generated in the most
deflected part of a dispersed molecular beam.
The purities of pyrrole and pyrrole(H2O), as de-
fined by the ratio of the specific signals to the
sum of signals of all other species observed is
shown in Figure 2 b, see Supplementary Informa-
tion for details of the analysis. This demonstrates
that a molecular beam of pyrrole(H2O) with a pu-
rity of ∼100 % was produced at vertical positions
−1.8 mm < Y < −1.3 mm. The column density
profile of helium is not shown here, but is expected
to be only slightly broader than the undeflected
(0 kV) profile of the molecular species, owing to its
lighter mass. Furthermore, helium is expected to
be only marginally deflected by a few µm due to its
small polarizability [26]. Hence, the extracted pure
molecular beam of pyrrole(H2O) should also be free
from helium gas at Y < −1 mm.
4. Conclusion
We demonstrated the spatial separation of the
pyrrole(H2O) cluster in a molecular beam, i. e., from
pyrrole, water, larger clusters, and the seed gas. A
purity of ∼100 % of pyrrole(H2O) was obtained in
the most deflected part of the molecular beam. Sim-
ulated deflection profiles were in excellent agreement
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Figure 2: a) Measured vertical column density profiles for
the undeflected (0 kV) pyrrole (black dots), deflected (14 kV)
pyrrole (red dots) and pyrrole(H2O) (blue dots). Solid lines
are the corresponding simulated profiles. b) Purity of pyrrole
(red) and pyrrole(H2O) (blue).
with the experiment. They yielded a rotational tem-
perature of Trot = 0.8±0.2 K in the initial molecular
beam for both, pyrrole and pyrrole(H2O), and of
Trot ≈ 0.4 K in the deflected pure pyrrole(H2O)
beam.
These pure beams of pyrrole(H2O) provide a cru-
cial ingredient for photophysics studies aiming at
time-resolved hydrogen bond formation/dissociation
dynamics, e. g., in ultrafast laser pump and x-ray
probe experiments. Further interesting aspects will
be the control of the orientation in the labora-
tory frame by laser aligning or mixed-field orient-
ing pyrrole(H2O) clusters [30, 32, 34]. The sepa-
rated pure species are also ideally suited for experi-
ments to image the structure and dynamics of the
pyrrole(H2O) complex in the molecular frame, e. g.,
through molecular-frame photoelectron angular dis-
tributions (MFPADs), gas-phase x-ray diffraction,
or laser-induced electron diffraction (LIED) experi-
ments [19, 35–38].
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Supplementary information: Spatial separation of pyrrole and pyrrole-water
clusters
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The mass spectrum of the molecular beam after
strong field ionization, recorded in the center of the
undeflected (0 kV) molecular beam profile, is shown
in Figure 1. In the spectrum, mass peaks that corre-
spond to pyrrole+, pyrrole(H2O)+, pyrrole(H2O)+2 ,
(pyrrole)+2 , (pyrrole)2(H2O)
+, (pyrrole)2(H2O)+2 ,
pyrrole(H2O)+3 , and larger clusters were observed.
Column-densities were obtained by integrating
the mass spectrum within gates ±0.5 u/e around
the nominal masses of pyrrole+, pyrrole(H2O)+,
(pyrrole)+2 , and pyrrole(H2O)
+
2 ; the resulting
vertical beam profiles are shown in Figure 2 a.
The plotted profiles are for undeflected pyrrole+
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Figure 1: The mass spectra of pyrrole monomer, and larger
clusters of pyrrole and water. a) Zoom in of the mass spec-
trum for clusters.
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Figure 2: a) Vertical column density profiles recorded for
various ion channels. b) Vertical column density profiles of
deflected (14 kV) pyrrole+ and pyrrole(H2O)+. c) Ratio
of pyrrole(H2O)+/pyrrole+ at positions −1.8 mm < Y <
−1.4 mm. d) Molecular beam profile of pyrrole(H2O) with
gates covering the full-width of the TOF-MS peak (blue,
m/q = 85± 0.5 u/e) and curves corresponding to the vertical
profile of pyrrole(H2O) with gates set to the wings of TOF-MS
peak (red and green), i. e., the red (m/q = 84.88–84.96 u/e)
and green (m/q = 85.02–85.10 u/e) shaded regions shown
in the inset, e). The orange curve corresponds to the frag-
mentation corrected column density profile of pyrrole(H2O).
e) TOF-MS of deflected (14 kV) pyrrole(H2O)+ at vertical
position Y = 0 (red) and of pure pyrrole(H2O) beam at
Y = −1.5 mm (black, m/q = 85± 0.5 u/e).
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(0 kV) and deflected (14 kV) molecular-beam
species without any fragmentation correction. The
profiles of all species were scaled to the undeflected
profile of pyrrole+ for an improved visibility, see
the legend of Figure 2 a for the scaling factors
used in the plot. The amount of deflection was in
the following order: pyrrole(H2O)+ > pyrrole+ >
pyrrole(H2O)+2 > (pyrrole)
+
2 . Water is expected
to deflect less than (pyrrole)2 because of its
small effective dipole moment at the electric field
strengths used in the experiment. The fragmen-
tation of pyrrole(H2O)+ into the pyrrole+ ion is
evident from the matching shape of the deflection
profile of pyrrole+ with that of pyrrole(H2O)+ at
vertical positions −1.8 mm < Y < −1.4 mm.
This manifests itself in a constant ratio
R = S(pyrrole(H2O)+)/S(pyrrole+) of the spe-
cific integrated signals S(j) of the species j in
that region as shown in Figure 2 c. We have
corrected for the contribution of the fragmenta-
tion of pyrrole(H2O)+ into the pyrrole+ channel
using the mean value of the ratio R between
vertical positions −1.8 mm < Y < −1.4 mm,
R = S(pyrrole(H2O)+)/S(pyrrole+) = 0.38.
The deflection profile of pyrrole(H2O) was also
corrected for the fragmentation from larger clus-
ters. For this the width of the TOF-MS peak of
pure pyrrole(H2O)+ in the most deflected part of the
beam (Y = −1.5 mm) was compared with the width
of the pyrrole(H2O)+ peak in the center (Y = 0 mm)
of the molecular beam profile where we have con-
tribution from higher clusters, Figure 2 e. The
TOF-MS of pyrrole(H2O)+ with contribution from
larger clusters (red curve) was broader than the one
of the deflected pure pyrrole(H2O)+ beam (black
curve). This is attributed to the kinetic-energy
release upon cluster fragmentation; analyzing this
allowed us to correct for these contributions. The
vertical column density profiles in Figure 2 d ob-
tained by setting gates to the wings of the TOF-
MS peak (green line, m/q = 85.02–85.10 u/e and
red line, m/q = 84.88–84.96 u/e) were scaled to the
least deflected part of the pyrrole(H2O)+ signal
(m/q = 85 ± 0.5 u/e) at 0.2 mm < Y < 1 mm,
with a scaling factor of 10. The fragmentation cor-
rected pyrrole(H2O)+ profile (orange line) was ob-
tained by subtracting these larger-cluster-fragment
corrections (green and red lines) from the profile
obtained by setting gates to the full width of the
TOF-MS peak (blue line, m/q = 85± 0.5 u/e). The
step at vertical positions ranging from Y = −0.3 to
−0.8 mm (blue line) and the shape of the profiles
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Figure 3: The relative population of the rotational states in
the molecular beam at Y = −1.6 mm (dashed line) and the
thermal distributions at various temperatures (solid lines).
for larger clusters (red and green lines) matched the
shape of the deflected pyrrole(H2O)+2 in Figure 2 a.
Hence, the uncorrected pyrrole(H2O)+ profile had
significant contributions from fragments of larger,
weakly deflected, pyrrole(H2O)+2 cluster into the
pyrrole(H2O)+ channel.
The purity Pi of a species i is defined by
Pi = S(i
+)/
∑
j S(j
+). For our evaluation of
the purity, integrated signals from pyrrole+,
pyrrole(H2O)+, pyrrole(H2O)+2 , (pyrrole)
+
2 ,
(pyrrole)2(H2O)+, and (pyrrole)2(H2O)+2 were
taken into account; larger clusters were neglected.
The relative populations of rotational states
of pyrrole(H2O) in the molecular beam at
Y = −1.6 mm were determined from the simula-
tions, see Figure 3; this distribution is non-thermal
due to the nature of the deflection process. The rota-
tional state distribution for a range of temperatures
are also shown in the plot. The relative popula-
tions in the deflected part of the beam match fairly
well with a thermal distribution of Trot = 0.4 K.
This confirms that ultracold molecular beams, even
of isolated well-defined molecular clusters, can be
generated in the most deflected part of a dispersed
molecular beam.
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